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A  systematic  formulation  study  has  been  performed  on  C03O4  based  composite  electrodes.  The  influence 
of  diverse  parameters  has  been  studied  such  as:  calendaring  pressure  applied,  composition  of  the 
composite  electrode,  nature  of  the  carbon  additives  (carbon  super  P,  carbon  nanofibers  and  carbon 
nanotubes)  and  the  size  of  the  active  material  particles.  The  influence  of  electrochemical  parameters 
(lower  cut-off  voltage,  initial  C  rate,  and  rate  changes  or  open  circuit  potential  steps  during  cycling)  was 
also  ascertained.  These  results  are  discussed  in  the  perspective  of  the  specific  issues  associated  with 
materials  reacting  through  conversion  reactions  (first  cycle  coulombic  inefficiency,  voltage  hysteresis  and 
capacity  fade).  Finally,  basing  on  electrochemical  impedance  spectroscopy  measurements  and  systematic 
record  of  the  IR  drop  term  of  the  cells  upon  cycling,  a  mechanism  to  account  for  the  generally  observed 
capacity  fade  on  these  materials  is  proposed. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Li-ion  batteries  have  attracted  significant  interest  since  their 
commercialization  in  1991.  Nowadays,  compounds  reacting 
through  three  different  reaction  mechanisms  [1]  have  been  iden¬ 
tified  as  battery  electrode  materials  namely,  conventional  interca¬ 
lation  of  Li  ions,  alloying  with  Li  [2]  and  conversion  reactions  [3]. 
Conversion  reaction  is  the  term  applied  to  define  the  electro¬ 
chemical  reaction  of  a  binary  transition  metal  compound,  M aXb 
(M  =  transition  metal,  X  =  0,  S,  F,  P,  N,...)  with  lithium  to  yield 
metallic  nanoparticles  embedded  in  a  matrix  of  LicX.  When 
compared  to  intercalation  electrodes,  alloying  and  conversion  type 
materials  share  the  same  advantages  (i.e.  higher  specific  capacity) 
and  drawbacks  (i.e.  larger  hysteresis  and  lower  capacity  retention). 
Alloying  type  materials  have  recently  become  a  commercial  reality 
thanks  to  significant  progresses  in  electrode  engineering.  Conver¬ 
sion  reaction  electrodes  are  much  less  mature  and  still  far  from  the 
market  and  even  if  electrode  formulation  has  been  proved  to  have 
a  paramount  importance  in  electrochemical  performance  for  other 


*  Corresponding  author.  Tel.:  +34  935801853;  fax:  +34  935805729. 
E-mail  address:  rosa.palacin@icmab.es  (M.R.  Palacin). 


types  of  materials  [4,5],  the  formulation  of  conversion  type  mate¬ 
rials  has  drawn  much  less  attention.  Nonetheless,  promising  results 
have  already  been  reported  for  such  systems  [6-8]. 

MaXb  +  (jb-c)Li+  +  (b-c)e~  =  aM  +  bLicX  (1) 

In  addition  to  the  specific  issues  associated  with  materials 
reacting  through  conversion  reaction  (i.e.  Voltage  hysteresis  and 
first  cycle  coulombic  efficiency,  cf.  Ref.  [3]),  it  has  also  been  pointed 
out  by  several  groups  that  conversion  material  at  the  nanoscale 
suffer  from  very  poor  capacity  retention  upon  cycling  as  compared  to 
material  at  the  microscale  [9,10,7].  Transition  metal  oxides  have 
attracted  most  of  the  attention  since  Poizot  et  al.  highlighted  their 
reactivity  with  Li  [11].  Among  these  studies,  cobalt  oxides  have 
probably  attracted  most  of  the  attention  due  to  their  high  theoretical 
gravimetric  capacity,  for  instance  ca.  890mAhg_1  in  the  case  of 
C03O4.  Capacity  fade  for  cobalt  oxide  electrodes  has  been  ascribed  to 
three  different  phenomena,  namely  i)  cobalt  dissolution  [8],  ii) 
contact  loss  due  to  volume  change  during  conversion  reaction 
(about  100%),  this  phenomenon  being  enhanced  in  the  case  of  larger 
particles  [12]  and  iii)  formation  of  a  poorly  conductive  solid  elec¬ 
trolyte  interface  (SEI)  and  a  gel-like  film  due  to  electrolyte  decom¬ 
position  inducing  higher  cell  resistivity  and  poisoning  of  the  Li  metal 
electrode  by  diffusion  of  the  decomposition  products  [13-15].  In 
order  to  deal  with  all  those  parameters,  it  is  of  tremendous 
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importance  that  the  composite  electrode  is  perfectly  homogeneous 
and  that  the  three-point  contact  interface  between  the  active 
material  (AM),  the  Carbon  additive  (Cadd)  and  the  electrolyte  is 
optimized  so  as  to  ensure  that  the  differences  in  the  electrochemical 
behaviour  do  not  come  from  inhomogeneous  current  density  within 
the  electrode.  We  have  previously  demonstrated  the  influence  of  the 
mixing  of  the  slurry  on  the  homogeneity  of  the  tape  casted  electrode 
and  the  strong  beneficial  impact  of  a  sonication  procedure  [16].  This 
methodology  has  thus  been  used  for  all  electrodes  shown  here.  In 
this  paper,  a  systematic  study  of  the  formulation  of  C03O4  casted 
composite  electrodes  is  presented.  The  influence  of  several  param¬ 
eters,  such  as  the  pressure,  the  proportion  of  the  AM,  the  Cadd  and 
the  binder,  the  nature  of  the  Cadd,  the  particle  size  and  the  cycling 
rate,  are  correlated  with  the  capacity  retention  and  the  electro¬ 
chemical  behaviour  of  the  composite  electrodes. 

2.  Experimental 

Nano-sized  C03O4  (Aldrich)  was  previously  annealed  at  400  °C 
under  air  to  achieve  its  nominal  oxygen  content  (as  confirmed  by 
thermo  gravimetric  analysis  experiments).  The  duration  of  the 
treatment  was  changed  so  as  to  achieve  different  particle  sizes.  The 
nanometric  size  of  the  pristine  commercial  material  is  preserved 
when  the  heat  treatment  is  limited  to  6  h  ( cf.  Fig.  1  a)  and  particle  sizes 
of  ca.  35  ±  5  nm  are  observed.  Longer  heat  treatment  periods  lead  to 
a  significant  increase  of  the  particle  size  reaching,  respectively, 
50  ±  10  nm  and  100  ±  20  nm  after  15  and  96  h  (cf.  Fig.  lb  and  c). 

In  all  cases  slurries  were  prepared  by  mixing  AM,  polyvinylidene 
fluoride  (PVDF,  Arkema)  as  a  binder  and  Super  P  carbon  (Csp 
hereafter  from  Timcal),  carbon  nanotubes  (CNT,  Thomas  Swan  Co. 
Ltd)  purified  following  the  procedure  described  in  Ref.  [17]  or 
carbon  nanofibers  (VGCF,  Showadenko)  as  carbon  additive  (Cadd 
hereafter)  in  N-Methylpyrrolidone  (NMP,  Aldrich).  Mixing  of  the 
slurries  was  performed  (according  to  Ref.  [16])  by  magnetic  stirring 
during  15  h,  the  vial  containing  the  slurry  being  placed  in  an 
ultrasonic  bath  for  10  min  every  5  h.  In  all  cases,  the  mixing 
procedures  have  been  performed  under  air.  Composite  electrodes 
were  prepared  by  tape  casting  each  slurry  on  a  20  pm  thick  copper 
foil  (Goodfellow)  with  a  250  pm  Doctor-Blade  and  further  dried  at 
120  °C  under  vacuum.  Once  dried,  0.8  cm2  disk  electrodes  were  cut, 
pressed  at  pressures  ranging  from  0  up  to  10  tern-2  and  tested  in 
Swagelok  type  cells  with  a  disk  of  Li  metal  foil  (Chemetall)  as 
counter  and  reference  electrode  (all  potentials  in  this  work  are 
referred  to  Li+/Li).  Two  sheets  of  Whattman  GF/d  borosilicate  glass 
fibre  were  used  as  a  separator,  soaked  with  the  electrolyte  (ca. 
0.5  cm3  of  1  M  LiPF6  in  EC:DMC  1:1  (LP30,  Merck)).  Table  1  lists  the 
experimental  conditions  for  electrodes  presented  in  this  work, 
including  the  calendaring  pressure,  the  composition  and  the  nature 
of  the  AM,  the  Cadd  and  the  binder.  Electrochemical  cycling 
experiments  were  made  in  galvanostatic  mode  with  potential 
limitation  (GCPL)  using  a  Bio-Logic  VMP3  potentiostat. 


Reproducibility  was  checked  by  assembly  of  twin  cells.  A  systematic 
cycling  procedure  was  used  in  all  cases.  Successions  of  10  cycles  at 
different  C  rate  were  applied  to  check  the  electrochemical  behav¬ 
iour  at  these  rates  and  determine  whether  high  rates  were  detri¬ 
mental  to  the  electrode  performance.  First,  10  cycles  were 
performed  at  C/5  followed  by  10  cycles  at  C,  C/5,  2C  and  finally  C/5 
(1C  being  one  Li+  inserted  in  1  h). 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
were  performed  upon  cycling  using  three  electrode  Swagelok  cells 
configuration  with  Li  as  counter  and  reference  electrode  and 
a  formulated  electrode  as  working  electrode.  Perturbation  ampli¬ 
tudes  of  10  mV  were  applied  with  frequencies  ranging  from 
1000  kHz  to  10  mHz.  Measurements  were  done  at  the  end  of  charge 
after  an  open  circuit  potential  period  of  24  h. 

Scanning  electron  microscopy  (SEM)  studies  were  performed 
using  a  Quanta  200  ESEM  FEG  FEI  microscope.  BET  surface  area 
measurements  were  done  using  a  ASAP  2000  Micromeritics 
instrument. 

3.  Results 

All  electrodes  were  submitted  to  the  standard  cycling  procedure 
described  in  the  experimental  section  and  exhibit  the  expected 
behaviour  for  C03O4  (see  Fig.  2b).  Indeed,  the  first  reduction 
exhibits  three  components:  i)  a  first  plateau  at  ca.  1.25  V  vs  Li+/Li 
(thereafter  called  a),  associated  with  a  lithium  insertion  process 
and  formation  of  a  Li-Co-0  intermediate  phase  [7],  ii)  a  second 
plateau  at  ca.  1.15  V  vs  Li+/Li  (thereafter  called  (3),  which  is  related  to 
the  conversion  process  itself  that  lead  to  the  formation  of  Co 
nanoparticles  embedded  in  a  L12O  matrix,  and  iii)  an  almost  linear 
potential  decay  below  1.15  V  vs  Li+/Li  (y),  typically  observed  in 
conversion  reaction  materials  which  appeared  to  be  mostly  related 
to  the  electrolyte  decomposition  [20].  Upon  re-oxidation,  a  large 
voltage  hysteresis  is  observed  together  with  an  important 
coulombic  inefficiency,  these  features  being  typical  for  the 
conversion  reaction  materials. 

3  A.  Influence  of  pressure 

Fig.  2  displays  the  electrochemical  curves  obtained  with 
composite  electrodes  prepared  from  the  same  tape  (84wt.%  of 
C03O4,  8  wt.%  of  PVDF  and  8  wt.%  of  Csp,  corresponding  to  elec¬ 
trodes  A  to  E,  respectively,  cf.  Table  1)  and  pressed  at  various 
pressures  (ca.  10, 8, 6  and  3  t).  The  results  obtained  for  an  unpressed 
electrode  are  also  presented  for  the  sake  of  comparison  (noted  0 1). 
The  plot  of  the  capacity  vs  the  number  of  cycles  is  shown  in  Fig.  2a. 
Mainly  three  facts  are  worth  pointing  out: 

(i)  During  the  first  cycle,  the  composite  electrodes  behaved  very 
much  the  same  and  first  discharge  capacities  as  high  as  ca. 
1400  mAh  g_1  were  measured  in  all  cases.  This  point  is  further 


Fig.  1.  SEM  micrographs  of  Co304  heat  treated  at  400  °C  during  a)  6  h,  b)  15  h  and  c)  96  h. 
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Table  1 

Calendaring  pressure  and  composition  for  all  electrodes  tested  in  this  study  including  annealing  time  (directly  related  to  Co304  particle  size,  see  text). 


Electrode 

Pressure  (t) 

C03O4 

Cadd 

Binder 

Annealing  time  (h) 

Percentage 

Type 

Percentage 

Type 

Percentage 

A 

0 

6 

84 

Csp 

8 

PVDF 

8 

B 

3 

6 

84 

Csp 

8 

PVDF 

8 

C 

6 

6 

84 

Csp 

8 

PVDF 

8 

D 

8 

6 

84 

Csp 

8 

PVDF 

8 

E 

10 

6 

84 

Csp 

8 

PVDF 

8 

F 

8 

6 

75 

Csp 

12.5 

PVDF 

12.5 

G 

8 

6 

65 

Csp 

17.5 

PVDF 

17.5 

H 

8 

6 

75 

Csp 

17 

PVDF 

8 

I 

8 

6 

65 

Csp 

27 

PVDF 

8 

J 

8 

6 

65 

Csp 

31 

PVDF 

4 

K 

8 

6 

65 

Csp/VGCF 

13.5/13.5 

PVDF 

8 

L 

8 

6 

65 

Csp/CNT 

13.5/13.5 

PVDF 

8 

M 

8 

6 

84 

Csp/VGCF 

4/4 

PVDF 

8 

N 

8 

15 

65 

Csp 

27 

PVDF 

8 

O 

8 

96 

65 

Csp 

27 

PVDF 

8 

confirmed  by  the  good  overlapping  of  the  first  cycle  for  all 
electrodes  in  the  voltage  vs  capacity  profiles  (see  Fig.  2b), 
emphasizing  the  accuracy  of  the  active  material  mass 
measurement  in  our  tape  technology  as  well  as  the  excellent 


Fig.  2.  a)  Discharge  capacity  vs  cycle  number  for  electrodes  A  to  E  tested  in  half  cells, 
b)  First  cycle  voltage  vs  capacity  profiles  for  the  same  tests  and  c)  first  ten  cycles  for 
electrode  D  pressed  at  8  t  cm-2. 


reproducibility  of  the  measurement  from  one  electrode  to 
another  coming  from  the  same  tape.  It  is  also  worth 
mentioning  that  in  all  cases  the  capacity  at  the  end  of  the 
conversion  plateau  ((3)  during  the  first  discharge  is  ranging 
from  850  up  to  890  mAh  g_1,  thus  representing  more  than  95% 
of  the  theoretical  specific  capacity  of  C03O4  (ca.  890  mAh  g-1). 

(ii)  There  is  an  important  difference  between  pressed  (ca.  3,  6,  8 
and  lOt)  and  unpressed  electrodes  in  terms  of  capacity 
retention  upon  cycling.  Indeed,  as  it  can  be  observed  in  Fig.  2a, 
the  unpressed  electrode  experienced  an  important  capacity 
decay  during  the  first  cycles,  whereas  the  pressed  electrodes 
maintained  a  good  capacity  (about  ca.  1100  mAh  g-1)  for  at 
least  seven  cycles  before  experiencing  a  slow  capacity  decay. 
Interestingly,  this  capacity  fade  has  been  observed  associated 
with  the  apparition  of  an  additional  oxidation  pseudo  plateau 
at  about  2.75  V  vs  Li+/Li  (cf.  Fig.  2c). 

(iii)  Composite  electrodes  pressed  at  8  t  appeared  to  present  the 
best  capacity  retention,  thus  this  pressure  was  applied  to  all 
electrodes  presented  later  on  in  this  work.  Indeed,  capacities 
measured  at  C/5  after  a  sequence  of  10  cycles  at  C  are,  ca.  238, 
389,  420,  639  and  523mAhg~1,  respectively,  for  composite 
electrodes  being  pressed  at  ca.  0,  3,  6,  8  and  10 1.  The  same 
trend  is  observed  throughout  the  cycling  procedure  and 
demonstrates  a  significant  improvement  of  the  capacity 
retention  by  pressing  the  electrode  at  8  t.  A  slight  decrease  of 
the  capacity  retention  was  observed  when  the  electrode  was 
pressed  at  10 1,  most  probably  due  to  electrolyte  percolation 
limitation  within  highly  dense  electrodes  [18]. 

3.2.  Influence  of  the  slurry  composition 

Three  sets  of  experiments  were  designed  in  order  to  take  into 
account  the  specific  influence  of  the  AM,  the  Cadd  and  the  binder 
content  within  the  slurry.  The  results  are  reported  in  Fig.  3.  First,  the 
proportion  of  AM  was  varied  between  84  and  65  wt.%,  the  ratio 
between  Cadd  and  binder  (PVDF)  being  fixed  to  50:50  (electrodes 
D,  F  and  G).  Fig.  3a  shows  the  plot  of  the  capacity  vs  the  number  of 
cycles  for  these  electrodes  using  the  same  standard  cycling  proce¬ 
dure  described  in  the  experimental  section.  Interestingly,  the  first 
cycle  is  very  similar  in  all  cases  and  first  discharge  capacities  as  high 
as  1300  mAh  g-1  are  obtained,  suggesting  a  contribution  of  the 
whole  active  material  mass.  Flowever,  from  the  voltage  vs  capacity 
profiles  of  the  first  cycle  (data  not  shown)  we  can  estimate  than  the 
capacity  at  the  end  of  the  conversion  plateau  (P)  vary  from  865  to 
795  mAh  g  1  (ca.  97-89%  of  the  theoretical  specific  capacity  of 
C03O4)  when  the  AM  content  was  varied,  respectively,  from  84  to 
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Fig.  3.  a)  Discharge  capacity  vs  cycle  number  for  a)  electrodes  G,  F  and  D,  b)  electrodes 
I,  H  and  D  and  c)  electrodes  I,  J  and  G,  tested  in  half  cells. 


65%  wt.%.  Furthermore,  while  the  first  three  cycles  present  similar 
reversible  capacities  around  1000  mAh  g_1,  an  important  capacity 
fade  is  observed  after  four  cycles  and  the  best  capacity  retention 
was  obtained  for  electrode  D  (84  wt.%  of  C046,  8  wt.%  of  PVDF  and 
8  wt.%  of  Csp).  These  results  are  surprising  as  the  electrode  with  the 
highest  AM  content  presents  the  higher  AM  utilisation  together 
with  the  best  capacity  retention.  Still,  it  should  be  kept  in  mind  that 
the  ratio  Cadd/binder  being  fixed,  the  electrode  with  the  highest 
AM  content  exhibits  lowest  binder  content.  It  seems  straightfor¬ 
ward  to  conclude  that  a  large  amount  of  binder  (PVDF  here)  lowers 
the  AM  utilisation  and  enhances  capacity  fading,  most  probably  by 
electrical  isolation  of  the  AM  particles  due  to  the  insulating  nature 
of  PVDF. 

In  order  to  better  understand  the  influence  of  the  Cadd  and  the 
binder  contents,  two  other  sets  of  experiments  were  performed:  i) 
The  AM  content  was  varied  between  84  and  65  wt.%,  but  this  time 
maintaining  a  fixed  PVDF  content  of  8  wt.%  (electrodes  D,  FI  and  I, 
cf.  Fig.  3b)  and  ii)  The  AM  content  was  fixed  at  ca.  65  wt.%,  while  the 
PVDF  content  was  varied  from  4  up  to  17.5  wt.%  (electrodes  J,  I  and 
G,  cf.  Fig.  3c). 

In  the  first  case,  as  we  can  see  from  the  plot  of  the  capacity  vs  the 
number  of  cycles  (cf.  Fig.  3b)  the  first  discharge  capacity  value 
appeared  to  be  slightly  larger  for  electrode  I  (65  wt.%  of  AM  and 
8  wt.%  of  PVDF)  compared  to  higher  AM  content  with  the  same 
binder  content.  This  can  be  attributed  either  to  a  slightly  better 
electrical  contact  and  thus  utilisation  of  the  AM  (due  to  the  higher 
amount  of  Cadd)  and/or  to  an  increase  of  the  capacity  contribution 
of  the  irreversible  solid  electrolyte  interface  (SEI)  formation  on  Csp. 
The  latter  hypothesis  is  in  agreement  with  the  fact  that  this 
difference  disappeared  after  the  first  discharge  (cf.  Fig.  3b)  and  that 


in  all  cases  the  capacity  at  the  end  of  the  first  discharge  conversion 
plateau  (P)  represent  more  than  95%  of  the  theoretical  specific 
capacity  of  C03O4  suggesting  full  AM  utilisation  in  all  the  electrodes. 
More  importantly,  the  capacity  retention  appeared  to  be  strongly 
influenced  by  the  AM  content  and  even  if  electrodes  present 
similar  reversible  capacities  during  the  first  five  cycles  (around  ca. 
1100  mAh  g_1)  the  capacity  retention  appeared  to  drastically 
improve  when  varying  the  AM  content  from  84  to  65  wt.%.  It  is 
worth  recalling  that  this  variation  of  AM  content  is  concomitant 
with  the  variation  of  Cadd  and  that  the  best  capacity  retentions 
were  achieved  with  the  lowest  amount  of  AM  and  the  highest 
content  of  Cadd.  These  results  suggest  that  a  key  issue  for  the  long 
term  cycling  of  C03O4  is  the  electrical  contact  with  the  AM.  In  order 
to  optimize  this  contact  the  AM  content  of  the  tapes  were  fixed  at 
65  wt.%  for  the  following  experiments  of  this  study. 

The  last  set  of  experiments  was  performed  in  order  to  determine 
an  optimal  value  for  the  binder  content.  The  AM  content  was 
fixed  at  65  wt.%  and  the  binder  content  was  varied  from  4  to 
17.5  wt.%  (electrodes  J,  I  and  G,  cf.  Fig.  3c).  As  previously  mentioned 
the  value  of  the  first  discharge  is  slightly  different  and  varied  from 
1400  to  1600  mAh  g-1  when  the  Cadd  content  is  varied  from  17.5  to 
31  wt.%  (respectively  for  electrodes  G,  I  and  J,  cf.  Fig.  3c).  Once  again 
this  difference  disappears  during  the  next  cycles  and  reversible 
capacities  around  1200  mAh  g  1  are  recorded  for  the  first  few 
cycles.  Flowever,  while  electrodes  J  and  I  present  very  good  and 
similar  capacity  retentions  with  reversible  capacities  around 
800  mAhg-1  at  C/5  after  more  than  fifty  cycles,  electrode  G  expe¬ 
riences  an  important  capacity  fade  after  6  cycles  (cf.  Fig.  3c). 
Keeping  in  mind  that  electrode  G  contains  17.5  wt.%  of  insulating 
PVDF  binder  it  seems  straightforward  to  conclude  that  once  again 
the  electrical  contact  with  the  AM  is  the  key  factor  for  good  capacity 
retention,  and  using  a  high  amount  of  insulating  binder  strongly 
impedes  the  capacity  retention  of  the  electrode.  Furthermore,  the 
capacity  at  the  end  of  the  first  discharge  conversion  plateau  ((3)  was 
more  than  95%  of  the  theoretical  specific  capacity  of  Co304  for 
electrodes  I  and  J,  and  only  88%  for  electrode  G,  once  again  sug¬ 
gesting  that  a  high  PVDF  content  induces  an  electrical  isolation  of 
the  AM  particles,  making  them  electrochemically  inactive.  A  PVDF 
content  of  4  wt.%  (electrode  J)  induced  a  poor  mechanical  stability 
of  the  composite  electrodes  and,  therefore,  a  binder  content  of 
8  wt.%  was  fixed  for  all  following  experiments  as  a  good  compro¬ 
mise  between  the  mechanical  stability  and  the  electrochemical 
performance  of  the  electrodes. 

3.3.  Influence  of  the  type  of  C  (Csp,  MWCNT,  VGCF) 

According  to  the  previous  results,  the  AM  and  the  binder 
contents  were  fixed  to,  respectively,  65  and  8  wt.%.  In  order  to 
evaluate  the  influence  of  the  nature  of  the  Cadd,  three  compositions 
of  Cadd  were  studied  and  tested  according  to  the  same  standard 
cycling  procedure  described  in  the  experimental  section.  In  all 
cases,  the  total  content  of  Cadd  was  fixed  to  ca.  27  wt.%.  For  elec¬ 
trode  I  the  Cadd  was  only  Csp,  electrode  K  was  constituted  of 
a  mixture  of  13.5  wt.%  of  Csp  and  13.5  wt.%  of  VGCF,  and  for  elec¬ 
trode  L  a  Cadd  mixture  of  13.5  wt.%  of  Csp  and  13.5  wt.%  of  CNT  was 
used.  Fig.  4a  displays  the  plot  of  the  capacity  vs  the  number  of 
cycles  for  these  three  electrodes.  The  first  discharge  capacity 
strongly  depends  on  the  nature  of  the  Cadd  with  values  around 
1530, 1540  and  1870  mAh  g-1  respectively  for  Csp,  Csp  +  VGCF  and 
Csp  +  CNT.  As  previously  noticed,  this  trend  seems  to  follow  the 
surface  area  of  the  C  exposed.  Indeed,  the  specific  BET  surface  areas 
of  Csp,  VGCF  and  CNT  are,  respectively,  54, 18  and  304  m2  g  1  and 
should  be  proportional  to  the  irreversible  formation  of  an  SEI  layer 
on  the  carbon  during  the  first  discharge.  This  is  in  agreement  with 
the  values  of  the  first  cycle  coulombic  efficiency  recoded  ca.  66,  67 
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Fig.  4.  a)  Discharge  capacity  vs  cycle  number  for  electrodes  I,  K  and  L.  b)  First  cycle 
voltage  vs  capacity  profiles  for  the  same  tests  (recorded  at  C/5). 


Fig.  5.  a)  Discharge  capacity  vs  cycle  number  for  electrodes  I,  N  and  0.  b)  First  cycle 
voltage  vs  capacity  profiles  for  the  same  tests  (recorded  at  C/5). 


and  58%,  respectively,  for  Csp,  Csp  +  VGCF  and  Csp  +  CNT 
(cf.  Fig.  4b).  Unique  features  are  visible  in  the  voltage  vs  capacity 
profiles  (cf.  Fig.  4b)  for  electrodes  containing  VGCF  and  CNT.  A 
pseudo  plateau  is  observed  at  about  0.8  V  vs  Li+/Li  for  electrode  L 
probably  due  to  electrolyte  decomposition  and  formation  of  an  SEI 
layer  on  CNT  [19].  At  lower  potentials  electrodes  I<  and  L  exhibit 
significantly  larger  reversible  capacity  which  is  possibly  related  to 
the  insertion  of  Li+  between  the  graphene  layers  of  VGCF  and  CNT. 
However,  no  significant  change  on  the  capacity  retention  was 
achieved  by  substituting  Csp  with  VGCF  as  Cadd  for  well  formulated 
electrodes  based  on  C03O4.  This  is  in  agreement  with  Ref.  [4]  for  Si 
based  electrodes,  suggesting  that  the  electronic  wiring  throughout 
the  electrode  with  only  Csp  as  the  Cadd  is  satisfactory. 

3.4.  Influence  of  the  particle  size 

The  control  of  particle  size  is  of  primary  importance  since  it  has 
been  reported  [7,9,10]  that  particles  smaller  than  50  nm  demon¬ 
strate  poor  capacity  retention  while  mesoporous  or  micron  sized 
particles  exhibit  much  better  performance.  It  was  then  suggested 
that  enhanced  electrolyte  decomposition  for  nanoparticles  was  the 
main  cause  for  this  poor  behaviour. 

In  order  to  better  understand  this  issue  we  performed  the  same 
standard  cycling  procedure  as  in  the  previous  sections  to  electrodes 
prepared  with  particle  sizes  ranging  from  35  to  100  nm  (Fig.  1  and 
electrodes  I,  N  and  O,  cf.  Table  1 ).  The  results  are  displayed  in  Fig.  5, 
where  two  main  features  can  be  pointed  out: 

i)  The  specific  capacities  appear  to  be  inversely  proportional 
to  the  particle  size.  For  instance,  about  ca.  1500,  1200  and 


1050  mAhg-1  were  measured  as  first  discharge  capacities, 
respectively,  for  electrodes  I  (35  ±  5  nm),  N  (50  ±  10  nm)  and 
O  (100±20nm)  (cf.  Fig.  5).  The  same  trend  is  observed 
during  the  first  ten  cycles  at  C/5  (reversible  capacities  of  ca. 
1250,  1000  and  850 mAhg-1  are  recorded,  respectively,  for 
electrodes  I,  N  and  O  at  the  tenth  cycle).  Keeping  in  mind  that 
the  theoretical  capacity  for  C03O4  is  890 mAhg-1,  this 
suggests  that  the  well-known  extra  capacity  for  materials 
reacting  through  conversion  reaction  [3]  is  decreased/sup¬ 
pressed  in  the  case  of  particles  larger  than  50  nm  and  that  full 
AM  utilisation  is  achieved  in  all  cases, 
ii)  After  ten  cycles  and  the  C  rate  being  switched  to  1C,  a  signif¬ 
icant  difference  was  observed  between  electrode  O  (particle 
size  of  about  ca.  100  nm)  with  good  capacity  retention  and  the 
others  (I  and  N)  exhibiting  important  capacity  fade. 

It  is  also  worth  mentioning  that  coulombic  efficiencies  were 
found  to  be  dependent  on  the  particle  size.  As  we  can  see  from 
Fig.  5b,  the  first  cycle  coulombic  efficiency  increased  from  65  up  to 
73%  when  the  particle  size  increased  from  35  ±  5  nm  up  to 
100  ±  20  nm.  The  same  trend  is  observed  upon  cycling  and 
coulombic  efficiencies  of  ca.  99%  (at  all  C  rates)  are  recorded  in  the 
case  of  100  nm  particles,  whereas  only  92%  are  obtained  for 
35  ±  5  nm  particles.  Interestingly,  for  35  ±  5  nm  particles  (electrode 
I)  coulombic  efficiency  increased  when  the  C  rate  was  increased 
and  reached,  respectively,  95  and  97%  at  1C  and  2C.  The  good 
capacity  retention  observed  for  this  electrode  is  quite  surprising. 
Indeed,  it  was  reported  by  several  groups  that  such  small  particles 
experience  very  strong  capacity  fading  after  less  than  ten  cycles 
[7,9,10]. 
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These  results  suggest  a  strong  influence  of  the  electrolyte 
decomposition  on  the  capacity  retention  upon  cycling,  as  pointed 
out  by  Grugeon  et  al.  [10],  decreasing  the  particle  size  enhances  the 
decomposition  kinetics  and  lowers  the  capacity  retention.  The  fact 
that  the  coulombic  efficiency  increases  when  the  C  rate  is  increased 
demonstrate  that  the  electrolyte  decomposition  and  the  conversion 
reaction  are  two  processes  with  different  kinetics,  the  latter  being 
faster,  in  agreement  with  Ref.  [20].  Finally,  the  fact  that  capacity  at 
2C  are  larger  for  100  nm  particles  than  for  35  nm  particles  suggest 
that  electrolyte  decomposition  products  somehow  hindered  the 
kinetics  of  the  conversion  reaction  and/or  limit  the  electrochemical 
activity  of  the  AM. 

3.5.  Influence  of  the  electrochemical  testing  protocol 

In  Section  3.4  we  have  pointed  out  that  a  possible  reason  for  the 
poor  capacity  retention  of  C03O4  nanoparticles  with  particle  size 
below  50  nm  could  be  rooted  in  the  by-products  formed  during 
electrolyte  decomposition.  This  phenomenon  can  be  further 
investigated  by  playing  with  two  parameters:  i)  the  lower  cut-off 
voltage,  the  decomposition  of  the  electrolyte  being  enhanced  at 
low  potentials  and  ii)  the  C  rate,  the  kinetics  of  the  electrolyte 
decomposition  being  slower  than  for  the  conversion  reaction  [20]. 

Fig.  6a  presents  the  plot  of  the  capacity  vs  cycle  number  for 
electrode  D  cycled  between  x  and  3  V  vs  Li+/Li,  x  being  0.01,  0.2  or 
0.5  V  vs  Li+/Li.  As  we  can  see,  and  as  it  was  already  reported  by 
Grugeon  et  al.  for  CoO  particles  [13],  the  lower  cut-off  potential  has 
a  very  strong  influence  on  the  capacity  retention.  Indeed,  the 
capacity  retention  was  found  to  be  strongly  enhanced  when 
lowering  the  cut-off  voltage,  the  best  value  being  obtained  for 
0.01  V  vs  Li+/Li,  in  agreement  with  [13],  who  ascribed  this  results  to 


the  necessity  of  the  polymeric  gel-like  film  to  be  present  in  order  to 
achieve  a  good  cyclability  of  the  electrode. 

The  influence  of  the  initial  C  rate  has  also  been  studied  and 
several  identical  electrodes  (electrode  I,  cf.  Table  1)  have  been 
submitted  to  C  rates  ranging  from  C/5  up  to  10C.  The  plot  of  the 
capacity  vs  the  number  of  cycles  is  shown  in  Fig.  7a  and,  as  we  can 
see,  satisfactory  capacity  values  are  obtained  even  at  high  C  rates 
with  such  formulated  electrodes.  Indeed,  first  discharge  capacities 
ranging  from  1030  up  to  1490  mAhg  1  were  recorded  for  C  rates 
from  10C  to  C/5,  respectively.  The  capacity  recorded  at  the  end  of 
the  conversion  plateau  ((3)  during  the  first  discharge  is  significantly 
reduced  by  increasing  the  C  rate  (cf.  Fig.  7b),  suggesting  that  the 
conversion  reaction  is  diffusion  limited  and  that  the  bulk  of  the 
C03O4  particles  is  not  completely  accessible  for  the  Li+  ions  at  high 
C  rate.  Indeed,  while  almost  100%  of  the  C03O4  theoretical  capacity 
(ca.  890  mAhg-1)  is  reached  at  C/5  during  the  first  discharge 
conversion  plateau  only  680  mAhg-1  is  reached  at  10C  (i.e.  76%  of 
the  theoretical  capacity).  A  simple  calculation,  assuming  that 
diffusion  of  Li+  inside  the  C03O4  particle  is  the  only  limiting  process 
and  considering  spherical  C03O4  particles  of  35  nm  suggests  that 
the  conversion  reaction  only  occurs  at  a  6.6  nm  depth  inside  the 
C03O4  particles  thus  resulting  in  a  21.8  nm  diameter  inactive  C03O4 
particles  at  the  end  of  the  first  discharge.  Similar  calculations  at  2C 
and  C/5  where,  respectively,  850  and  890  mAhg-1  are  recorded  at 
the  end  of  the  first  discharge  indicate  a  depth  of  electrochemical 
activity  of  about  11.3  and  17.5  nm,  respectively. 

High  reversible  capacities  were  also  obtained  during  the 
following  cycles:  ca.  700  mAh  g  1  were  measured  at  a  C  rate  of  10C 
demonstrating  that  a  conversion  material  can  perform  nicely  even 
at  such  a  high  C  rate.  This  observation  is  in  agreement  with  the 
results  from  Taberna  et  al.  [21]  who  managed  to  obtain  80%  of  the 
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Fig.  6.  a)  Discharge  capacity  vs  cycle  number  for  electrodes  D  cycled  with  a  lower  cut¬ 
off  voltage  of  0.01, 0.2  or  0.5  V  vs  Li+/Li.  b)  First  cycle  voltage  vs  capacity  profiles  for  the 
same  tests  (recorded  at  C/5). 


Fig.  7.  a)  Discharge  capacity  vs  cycle  number  for  electrodes  I  cycled  at  a  C  rate  of  C/5,  C, 
2C,  5C  or  10C.  b)  First  cycle  voltage  vs  capacity  profiles  for  the  same  tests. 
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total  capacity  at  a  8C  rate  with  FesCU  as  AM  electrodeposited  on  an 
array  of  Cu  nanowires.  However,  to  the  best  of  our  knowledge,  this 
is  the  first  time  that  such  high  reversible  capacities  are  reported  for 
conversion  based  composite  electrodes  at  high  C  rates. 

3.6.  Long  term  cycling  experiments 

Long  term  cycling  (Fig.  8a  and  b)  was  performed  with  identical 
electrodes  cut  from  the  tapes  labelled  as  electrodes  I  and  O  (65%  of 
AM,  27%  of  Csp  and  8%of  PVDF,  the  AM  being  C03O4  particles  of 
35±5nm  and  100±20nm,  respectively,  cf.  Table  1)  and  cycled 
between  0.01  and  3  V  vs  Li+/Li,  at  C/5,  C  and  2C  during  100  cycles. 
The  C  rate  was  then  changed  to  C/5  in  order  to  evaluate  the  impact 
of  the  C  rate  change  on  the  cyclability.  As  we  can  see  from  Fig.  8a  the 
first  discharge  capacity  is  inversely  proportional  to  C  rate  and  larger 
values  were  obtained  at  C/5  (ca.  1493  mAh  g-1)  as  compared  to 
those  recorded  at  C  (ca.  1360  mAhg-1)  and  2C  (ca.  1220  mAhg-1). 
However,  after  the  first  discharge,  similar  reversible  capacities  are 
obtained  at  C/5,  C  and  2C  during  a  few  cycles  and  then  the  elec¬ 
trodes  experience  significant  capacity  fade.  Interestingly,  this 
capacity  fade  appears  to  be  strongly  dependent  on  the  C  rate 
applied  and  mainly  two  general  observations  can  be  pointed  out:  i) 
The  start  of  the  capacity  fade  is  depending  on  the  C  rate  and  is 
delayed  for  higher  C  rates,  for  instance  capacity  fade  is  observed 
after  10, 20  and  35  cycles,  respectively  at  C/5,  C  and  2C;  ii)  Although 
delayed,  the  capacity  fade  is  more  important  at  high  C  rates.  Indeed, 
from  cycle  number  35  to  cycle  number  100,  about  60%  of  the 
capacity  is  lost  at  2C  while  only  35  and  0%  of  the  reversible  capacity 
is  lost  at  C  and  C/5  from  the  beginning  of  the  capacity  fade  to  cycle 
number  100. 

In  the  case  of  electrode  O  (100±20nm;  see  Fig.  8b)  the 
discrepancy  in  the  capacity  values  observed  during  the  first 
discharge  between  C/5,  C  and  2C  is  maintained  and  even  enhanced 


Cycle  Number 

Fig.  8.  Discharge  capacity  vs  cycle  number  recorded  at  C/5  (black  squares),  C  (red 
circles)  and  2C  (blue  triangles)  for  a)  electrode  I  and  b)  electrode  O.  In  all  cases  C  rate 
was  changed  to  C/5  after  100  cycles.  (For  interpretation  of  the  references  to  colour  in 
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


upon  cycling  resulting  in  much  higher  reversible  capacities  at  C/5 
compared  to  C  and  2C.  Furthermore,  the  main  differences  observed 
between  electrodes  I  (35±5nm  particles)  and  O  (100±20nm) 
are:  i)  the  significantly  larger  capacities  recorded  for  electrode  I, 
and  ii)  the  higher  increase  of  the  capacity  during  the  first  few  cycles 
as  well  as  the  bigger  capacity  fade  observed  in  the  case  of  electrode 
I  compared  to  electrode  O  (cf.  Fig.  8a  and  b).  However,  it  is  worth 
mentioning  that  switching  the  C  rate  at  ca.  C/5  after  100  cycles  at  C 
and  2C,  reveals  that  the  electrodes  made  of  35  nm  particles  can 
retrieve  full  capacities.  This  suggests  that  the  capacity  fade  origi¬ 
nates  from  either  kinetic  or  diffusion  limitations  that  can  be  over¬ 
come  by  decreasing  the  C  rate. 

Calculations  of  the  depth  of  the  conversion  reaction  inside  the 
C03O4  particles  give  coherent  results.  Indeed,  100%  of  the  C03O4 
theoretical  capacity  (ca.  890  mAhg-1)  is  reached  at  C/5  during  the 
first  discharge  conversion  plateau  for  electrode  I,  while  only 
700  mAh  g-1  is  reached  at  the  same  C  rate  for  electrode  O  (i.e.  78% 
of  the  theoretical  capacity).  The  depth  of  penetration  of  the 
conversion  reaction  inside  the  C03O4  particles  at  C/5  is  similar 
(ca.  17  nm)  for  electrodes  O  and  I.  At  a  2C  rate,  values  of  15.6  and 
11.3  nm  are  obtained  for  electrodes  O  and  I  respectively.  These 
results  are  in  agreement  with  the  fact  that  high  C  rates  should 
induce  lower  penetration  of  Li+  inside  the  AM  particles  and  that  the 
diffusion  coefficient  of  Li+  should  be  equal  within  a  given  active 
material  no  matter  its  particle  size.  To  the  best  of  our  knowledge, 
the  capacity  at  the  end  of  the  conversion  plateau  (3  represents 
an  excellent  signature  of  the  AM  electrochemical  accessibility, 
as  it  is  always  reported  in  the  literature,  to  be  less  than  or 
equal  to  the  theoretical  capacity  of  C03O4  (see  for  instance 
Refs.  [3,6,8,10,11,13,14,16,21])  with  the  exception  of  Ref.  [22]  which 
report  puzzling  results  with  a  conversion  plateau  as  large  as 
2000  mAh  g“l 

3.7.  Impact  of  formulation  on  the  specific  problems  in  conversion 
materials  (coulombic  efficiency,  voltage  hysteresis  and  capacity 
fade) 

In  light  of  the  previously  described  results,  we  will  now  discuss 
in  more  detail  the  specific  issues  associated  with  materials  reacting 
through  conversion  reaction,  i.e.:  i)  the  coulombic  efficiency  of  the 
first  cycle  (difference  of  capacity  recorded  between  the  first 
discharge  and  charge),  and  ii)  the  large  voltage  hysteresis  between 
charge  and  discharge.  These  will  be  discussed  together  with  the 
observed  capacity  retention  in  order  to  better  understand  the 
possible  mechanisms  leading  to  capacity  fading.  In  this  section  we 
further  investigate  the  results  presented  in  Figs.  2  and  3,  and  5-8  as 
they  allow  direct  comparison  between  electrodes  displaying  good 
capacity  retention  with  those  presenting  poor  cyclability  depend¬ 
ing  on  both  the  electrode  fabrication/formulation  (calendaring 
pressure,  composition  and  particle  size)  and  electrochemical 
parameters  (low  cut-off  voltage  and  C  rate). 

3.7.1.  Coulombic  efficiency 

Fig.  9  displays  plots  of  the  first  cycle  coulombic  efficiencies 
depending  on,  respectively,  the  pressure  applied  to  the  electrode 
(cf.  Fig.  9a),  the  composition  of  the  electrode  (cf.  Fig.  9b),  the  C03O4 
particle  size  (cf.  Fig.  9c),  the  low  cut-off  voltage  (cf.  Fig.  9d)  and  the 
C  rate  (cf.  Fig.  9e).  Four  important  observations  can  be  stressed  out 
from  these  results: 

i)  The  coulombic  efficiency  is  increased  by  increasing  the 
pressure  and  reaches  a  maximum  value  of  ca.  73.4%  for  an 
electrode  pressed  at  8  t  (cf.  Fig.  9a).  Further  increase  of  the 
pressure  lowers  the  coulombic  efficiency  thus  probing  the 
effect  of  calendaring  pressure  on  the  electrode  porosity. 
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Fig.  9.  First  cycle  coulombic  efficiency  for  the  tests  presented  in  a)  Fig.  lb,  b)  Fig.  3b,  c)  Fig.  7b,  d)  Fig.  8b  and  e)  Fig.  9b. 


ii)  As  expected,  an  augmentation  of  the  Cadd  content  in  the 
electrode  results  in  a  coulombic  efficiency  decrease.  This  can 
be  clearly  seen  from  Fig.  9b,  showing  that  the  coulombic 
efficiency  is  ranging  from  about  ca.  65  to  73%  when  the  AM 
content  is  varying  from  65  to  84%.  The  binder  content  was 
fixed  to  8%  in  all  cases,  the  Cadd  content  was  thus  varied  from 
27  to  8%.  This  result  is  consistent  with  the  irreversible 
formation  of  the  well-known  SEI  layer  on  the  carbon  [23],  and 
suggests  that  the  Cadd  content  have  a  stronger  impact  on  the 
first  cycle  coulombic  efficiency  than  the  C03O4  content. 

iii)  The  particle  size  appears  to  significantly  affect  the  coulombic 
efficiency,  the  latter  being  lower  for  “small”  particles  (cf. 
Fig.  9c).  This  phenomenon  does  not  seem  to  be  linear,  the 
coulombic  efficiency  being  much  lower  for  particle  smaller 
than  50  nm.  This  result  suggests  a  strong  influence  of  the 
current  density  imposed  on  the  AM  particles.  This  is  further 
confirmed  by  the  evolution  of  the  coulombic  efficiency  with 
respect  to  the  C  rate  (i.e.  applied  current).  Indeed,  the 
coulombic  efficiency  is  strongly  enhanced  by  increasing  the  C 
rate  and  ranges  from  about  58  up  to  75%  when  the  C  rate  is 
varied  from  C/10  up  to  IOC  (cf.  Fig.  9e).  Therefore,  it  can  be 
concluded  that  the  value  of  the  coulombic  efficiency  is  not 
only  related  to  the  SEI  formation  on  the  carbon  but  also  to  the 
electrolyte  decomposition  on  C03O4,  the  latter  being 
enhanced  in  the  case  of  particles  smaller  than  50  nm  and  for 
low  C  rates. 

iv)  It  is  also  worth  mentioning  that  the  coulombic  efficiency  of 
the  first  cycle  is  not  significantly  modified  when  varying  the 
lower  cut-off  voltage  from  0.01  to  0.5  V  vs  Li+/Li.  This  obser¬ 
vation  is  quite  surprising.  Indeed,  the  reactions  occurring  at 
potentials  lower  than  1  V  vs  Li+/Li  are  ascribed  both  to  the 
decomposition  of  the  electrolyte,  suggested  to  be  somehow 
reversible  [24]  and  to  the  SEI  formation  on  the  carbon,  which 
is  an  irreversible  process  [25].  Therefore,  one  would  expect 
a  higher  cut-off  voltage  to  be  beneficial  in  terms  of  coulombic 


efficiency.  This  is  obviously  not  the  case,  suggesting  an 
important  contribution  to  the  coulombic  inefficiency  being 
rooted  in  the  conversion  reaction  itself,  or  at  least  in  reactions 
possibly  occurring  at  higher  potential  than  0.5  V  vs  Li+/Li.  This 
is  in  agreement  with  the  oxidation  of  the  Co  nanoparticles 
being  limited  to  CoO  and  not  C03O4  as  observed  in  Ref.  [26]. 
Indeed,  the  maximum  columbic  efficiency  recorded  in  our 
experiments  was  about  75%  which  corresponds  to  the  re¬ 
oxidation  of  the  Co  nanoparticles  into  CoO  (theoretical 
capacity  of  ca.  715  mAh  g_1,  i.e.  80%  of  the  C03O4  theoretical 
capacity)  not  into  C03O4  (theoretical  capacity  of  ca. 
890  mAh  g-1). 

The  Y  component  (low  potential  extra  capacity  related  to  the 
electrolyte  decomposition  and  the  SEI  formation)  in  the  first 
discharge  has  been  evaluated  with  respect  to  these  parameters 
(C  rate,  Cadd  content  and  particle  size;  cf.  Fig.  10).  As  expected,  the 
participation  of  the  first  discharge  capacity  to  the  electrolyte 
decomposition  and  the  SEI  formation  is  increasing  from  33.5  to 
40.4%,  the  C  content  being  varied  from  8  to  27  wt.%  (cf.  Fig.  10b)  and 
from  36.2  to  40.4%  with  the  particle  size  ranging  from  100  to  35  nm 
(cf.  Fig.  10c).  It  is  straightforward  to  conclude  that  large  Cadd 
content  favours  the  SEI  formation  and  that  Co304  particle  size  lower 
than  50  nm  enhance  the  electrolyte  decomposition,  both 
phenomena  (SEI  formation  and  electrolyte  decomposition) 
lowering  the  coulombic  efficiency.  Interestingly,  the  Y  component 
in  the  first  discharge  is  strongly  decreased  by  increasing  the  C  rate 
(cf.  Fig.  10a)  indicating  that  the  conversion  reaction  kinetics  is 
larger  than  the  one  of  the  process  occurring  at  low  potentials.  As 
mentioned  elsewhere  [20],  this  is  in  agreement  with  the  extra 
capacity  at  low  potential  being  rooted  in  slow  kinetics  processes 
dealing  with  electrolyte  decomposition  (involving  catalytic  steps), 
interfacial  storage  [27],  if  any,  being  negligible. 

Therefore,  from  the  discussion  above,  it  can  be  concluded  that 
two  major  factors  limit  the  coulombic  efficiency.  The  first  one  is 
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Fig.  10.  A  Extra  capacity  contribution  to  the  first  discharge  for  the  tests  presented  in  a)  Fig.  9b,  b)  Fig.  3b  and  c)  Fig.  7b. 


intrinsic  to  the  material  itself  and  limits  the  coulombic  efficiency  of 
the  electrodes  using  Co304  as  the  AM  to  80%  because  of  the  partial 
re-oxidation  of  the  Co  nanoparticles  (formed  at  the  end  of  the 
conversion  reaction)  into  CoO  and  not  into  C03O4.  The  second  factor 
deals  with  the  SEI  formation  on  Cadd  and  electrolyte  decomposi¬ 
tion.  However,  taking  this  in  consideration,  excellent  coulombic 
efficiencies,  almost  reaching  the  maximal  value,  were  obtained  in 
this  study  for:  i)  high  C  rates  (cf.  Fig.  9e),  ii)  small  carbon  contents 
(cf.  Fig.  9b)  and  large  particle  sizes  (cf.  Fig.  9c). 

3.7.2.  Voltage  hysteresis  and  capacity  fade 

The  first  cycle  voltage  hysteresis  of  all  the  electrodes  cycled  in 
this  study  was  evaluated  by  measuring  the  difference  between  the 
potential  at  the  half  first  charge  capacity  and  the  potential  at  the 
middle  of  the  conversion  plateau  during  the  first  discharge.  In  all 
cases  a  voltage  hysteresis  of  about  0.83  ±  0.03  V  was  recorded  at 
a  C/5  rate.  As  expected,  larger  voltage  hysteresis  were  obtained  for 
higher  C  rates,  for  instance  1.09  V  at  IOC.  However,  even  at  IOC  the 
IR  drop  term  (measured  by  the  shift  of  the  conversion  plateau  at 
lower  potential  or  between  the  end  of  the  first  discharge  and  the 
beginning  of  the  first  charge)is  negligible  (less  than  0.15  V) 
compared  to  the  large  voltage  hysteresis  observed  between 
discharge  and  charge,  further  demonstrating  that  this  voltage 
hysteresis  is  not  rooted  in  the  electrode  resistivity  [21]  but  most 
probably  originates  from  thermodynamic  issues  intrinsic  to  the 
conversion  reaction  [28]  and  not  in  technological  issues  derived 
from  poor  electrode  formulation. 

Some  tendencies  in  the  voltage  vs  capacity  profiles  are  worth 
pointing  out  here  as  they  could  be  correlated  with  the  capacity 
retention  of  the  electrodes.  In  order  to  better  illustrate  this  point 
and  to  facilitate  the  comparison  between  the  voltage  vs  capacity 
profiles  of  different  electrodes  and  their  evolution  upon  cycling, 
normalized  voltage  vs  capacity  profiles,  were  plotted  and  are 
shown  in  Fig.  11.  Normalized  voltage  vs  capacity  profiles  for  elec¬ 
trode  I  (35  ±  5  nm  particles)  cycled  a  hundred  times  at  C/5  and  2C 
are  shown,  respectively,  in  Fig.  11a  and  b.  Similar  plots  were  made 
for  electrode  O  (100  ±  20  nm  particles)  at  C/5  (cf.  Fig.  11c)  and  2C 
(cf.  Fig.  lid)  for  comparison.  As  we  can  see  in  Fig.  11a  an  oxidation 
pseudo  plateau  (thereafter  called  Pox)  appeared  upon  cycling  at 
about  ca.  2.75  V  vs  Li+/Li.  This  phenomenon  is  concomitant  with 
the  shift  to  lower  potential  values  of  the  reduction  pseudo  plateau 
(thereafter  called  Pred)  initially  observed  at  about  2.25  V  vs  Li+/Li. 
After  about  twenty  cycles  the  reduction  pseudo  plateau  has  dis¬ 
appeared  and  Pqx  continues  to  shift  upon  higher  potential  values, 
thus  becoming  progressively  less  visible  as  it  reaches  the  upper 
cut-off  voltage.  This  observation  suggests  that  the  whole  capacity 
recorded  comes  from  at  least  two  different  electrochemical 
processes,  one  of  them  presenting  an  increased  overpotential  upon 
cycling,  which  results  in  the  larger  irreversibility  of  the  redox 


reaction.  Interestingly,  this  increased  overpotential  upon  cycling 
appears  to  be  much  lower  at  large  current  density  as  it  can  be  seen 
from  Fig.  llb-d  where  no  significant  shifts  of  Pox  and  Pred  are 
observed,  respectively,  for  electrode  I  (35  ±  5  nm  particles)  cycled 
at  2C  and  electrode  O  (100  ±  20  nm  particles)  cycled  at  C/5  and  2C. 
At  this  point  it  is  worth  reminding  that  significant  capacity  fade  was 
observed  in  the  case  of  electrode  I  cycled  at  C/5  after  only  twelve 
cycles  (cf.  Fig.  8a),  while  much  better  capacity  retention  was 
recorded  in  the  case  of  electrode  I  cycled  at  2C  and  electrode  O 
cycled  at  C/5  or  2C  (cf.  Fig.  8a  and  b),  thus  suggesting  that  the 
disappearance  of  Pox  and  Pred  is  detrimental  to  the  capacity  reten¬ 
tion.  Similar  observations  were  made  in  the  case  of  pressed  or 
unpressed  electrodes  (electrodes  A  to  E),  as  well  as  in  the  study  of 
the  influence  of  the  lower  cut-off  voltage,  where  the  capacity  fade 
was  accompanied  by  the  disappearance  of  Pox  and  Pred  (data  not 
shown).  This  is  in  agreement  with  the  results  from  Ref.  [7].  The  fact 
that  the  appearance  and  disappearance  of  Pox  and  Pred  is  faster  for 
high  lower  cut-off  voltage  (ca.  0.5  V  vs  Li+/Li)  compared  to  lower 
values  tested  (ca.  0.2  and  0.01  V  vs  Li+/Li),  suggests  that  the 
phenomenon  underlying  the  appearance/disappearance  of  Pox  and 
Pred  is  strongly  hindered  by  the  formation  of  the  polymeric  gel-like 
film  upon  reduction.  We  tentatively  ascribed  Pox  and  Pred  to  redox 
processes  involving  cobalt  species  and  resulting  in  strong  capacity 
fade.  However,  further  investigation  would  be  needed  to  clarify 
their  exact  origin. 

The  appearance  and  disappearance  of  Pox  and  Pred  clearly  lead  to 
capacity  fading.  However,  significant  fading  was  also  observed  in  the 
case  of  electrode  I  at  2C  and  electrode  O  at  C/5  and  2C,  without  any 
significant  potential  shift  of  Pox  and  Pred  (cf.  Figs.  8a  and  b  and 
llb-d).  In  order  to  better  understand  this  issue  and  since  the 
increase  in  the  cell  resistivity  has  been  assumed  to  be  the  main 
cause  for  the  capacity  fading  [7,14]  we  decided  to  systematically 
evaluate  the  IR  drop  term  by  measuring  the  potential  difference  at 
the  end  of  the  discharge  and  the  beginning  of  the  charge.  Fig.  12 
shows  the  IR  drop  term  upon  cycling  for  the  electrodes  presented 
in  Figs.  2,  5,  7  and  9.  The  first  important  information  that  can  be 
extracted  from  these  plots  is  that  the  formation  of  the  SEI  layer  and 
the  decomposition  of  the  electrolyte  do  not  lead  to  a  significant 
increase  of  the  cell  resistivity,  and  the  value  of  the  IR  drop  term  is 
generally  stable,  at  least  during  the  first  few  cycles  (cf.  Fig.  12).  A 
significant  decrease  of  the  IR  drop  term  is  recorded  even  during  the 
first  ten  cycles  in  the  case  of  the  long  term  cycling  of  electrodes  I  and 
O  at  C/5,  C  and  2C  (cf.  Fig.  12c  and  d).  This  is  surprising  since  both  the 
SEI  layer  and  the  gel-like  film  formation  are  usually  considered  to 
increase  the  cell  resistivity.  While  the  slow  wetting  of  the  electrode 
by  the  electrolyte  could  be  responsible  for  this  cell  resistivity 
evolution  upon  cycling,  it  would  be  surprising  that  it  constitutes  the 
main  reason  since  the  decrease  in  cell  resistivity  is  occurring  during 
several  days  (even  weeks).  In  any  case,  the  measured  IR  drop  term 
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Fig.  11.  Normalized  voltage  vs  capacity  profiles  for  electrodes  I  (a  and  b)  and  O  (c  and  d),  cycled  at  C  rates  of  C/5  (a  and  c)  and  2C  (b  and  d). 


being  determined  at  the  end  of  the  discharge  (reduction),  the 
polymeric  gel-like  film  is  fully  formed  and  is  clearly  not  hindering 
the  diffusion  of  Li+  through  the  electrode  nor  the  electron  conduc¬ 
tivity,  at  least  not  during  the  first  few  cycles. 

From  Fig.  12a,  where  the  overpotential  vs  the  number  of  cycles  is 
plotted  for  electrodes  pressed  up  to  10 tern-2.  The  unpressed 


electrode  (Otcm-2,  black  squares  in  Fig.  12a)  presents  slightly 
higher  overpotential,  especially  at  a  2C  rate.  This  is  consistent  with 
the  fact  that  pressing  electrodes  reduces  their  porosity  and  thus 
improves  their  electrical  connectivity  [18].  However,  even  though 
similar  overpotential  values,  during  the  first  ten  cycles,  are  recor¬ 
ded  for  both  pressed  and  unpressed  electrodes  and  for  electrodes 


Cycle  Number 


Cycle  Number 


Fig.  12.  Overpotential  vs  cycle  number  for  the  tests  presented  in  a)  Fig.  la,  b)  Fig.  8a,  c)  Fig.  10a  and  d)  Fig.  10b. 
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cycled  with  different  lower  cut-off  voltages  (cf.  Fig.  12a  and  b), 
A  dramatic  difference  in  terms  of  capacity  retention  is  observed 
(cf.  Figs.  2a  and  6a).  Moreover,  the  capacity  fade  for  35  nm  particles 
appeared  to  be  larger  than  for  100  nm  particles  (cf.  Fig.  8a  and  b), 
although  the  overpotential  increase  upon  cycling  in  the  latter  case 
is  much  higher  (cf.  Fig.  12c  and  d).  These  results  suggest  the  exis¬ 
tence  of  an  additional  parameter  responsible  for  the  capacity  fading 
upon  cycling,  which  is  not  originating  from  the  increase  of  the 
resistivity  and/or  possible  dissolution  of  the  active  material. 

EIS  measurements  were  performed  upon  cycling  in  order  to 
clarify  this  point,  and  the  results  are  depicted  in  Fig.  13a  as 


measurements  1-10  (thereafter  called  Ml  to  M10),  corresponding 
to  measurements  before  cycling  (Ml),  after  the  first  charge  (M2), 
after  the  fifteenth  charge  (M3),  etc.  Two  electrodes  containing 
electrode  0  (cf.  Table  1 )  were  used  as  working  electrodes  and  cycled 
at  a  2C  rate  for  180  cycles.  In  order  to  better  understand  the 
influence  of  the  polymeric  gel-like  film,  its  formation  was  favoured 
by  holding  the  potential  at  ca.  0.01  V  V  vs  Li+/Li  during  1  and  24  h 
after  the  first  discharge.  The  plot  of  the  capacity  vs  the  number  of 
cycles  is  shown  in  Fig.  13a  for  both  electrodes  and  also  for  similar 
electrode  cycled  at  2C  without  any  interruption  during  the  cycling 
procedure  (empty  black  squares)  for  sake  of  comparison.  From 
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Fig.  13.  a)  Discharge  capacity  vs  cycle  number  for  electrodes  0  cycled  at  a  2C  rate.  Empty  black  squares  correspond  to  an  electrode  cycled  without  interruption,  black  squares  and 
red  circles  stand  for  electrodes  held  at  0.01  V  vs  Li+/Li  during  1  and  24  h  after  the  first  discharge,  respectively,  b)  and  d)  Nyquist  diagrams  and  c)  and  e)  Bode  diagrams  recorded  for 
electrodes  held  at  0.01  V  vs  Li+/Li  during  1  h  (b  and  c)  and  24  h  (d  and  e).  EIS  measurements  upon  cycling  obtained  as  indicated  with  arrows  in  a).  (For  interpretation  of  the 
references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  13a  we  can  say  that  excellent  reproducibility  is  obtained  up  to 
the  thirteenth  cycle  (M4),  but  thereafter,  a  significant  improvement 
of  the  capacity  retention  is  observed  for  the  electrode  after  holding 
the  potential  at  0.01  V  vs  Li+/Li  during  1  h.  Fig.  13b  and  d  displays 
the  Nyquist  diagrams  for  the  electrodes  presented  in  Fig.  13a  (Ml  to 
M8).  As  described  in  Refs.  [14,29]  the  Nyquist  plot  for  composite 
electrodes  of  C03O4  soaked  with  electrolyte  can  be  separated  in  four 
different  contributions  that  can  be  distinguished  since  their 
respective  relaxation  time  constants  are  significantly  different. 
Namely:  i)  contribution  from  the  electronic  conductivity  of  the 
electrode  and  ionic  conductivity  of  the  electrolyte  solution  (high 
frequencies,  see  the  initial  shift  in  resistivity  in  Fig.  13b  and 
d  identified  by  red  squares),  ii)  contribution  from  the  charge 
transfer  processes  (mid-frequency  region,  see  the  suppressed  semi¬ 
circles  in  Fig.  13b  and  d),  iii)  contribution  from  the  ionic  conduction 
within  a  layer  film  (SEI  and/or  polymeric  gel-like  film)  present  at 
the  surface  of  the  active  material  particles  (mid-frequency  region, 
see  the  suppressed  semi-circles  in  Fig.  13b  and  d)  and  iv)  contri¬ 
bution  from  the  bulk  diffusional  effects,  mostly  related  to  the 
diffusion  of  the  salt  within  the  electrolyte  (low  frequency  region, 
see  the  Warburg  diffusion  tail  in  Fig.  13b  and  d). 

Comparison  of  Ml  in  Fig.  13b  and  d  (black  squares)  indicates  that 
there  is  no  significant  difference  between  both  electrodes  in  their 
initial  state  before  cycling,  neither  in  terms  of  low  and  mid¬ 
frequency  region  resistivity  (respectively,  ca.  8  and  16  Q  for  both 
electrodes)  nor  in  terms  of  Warburg  diffusion  tail.  This  proves  that 
both  electrodes  are  really  alike  as  it  was  already  pointed  out  when 
we  discussed  the  cycling  behaviour  (Fig.  13a).  Flowever,  after  the 
first  cycles  differences  start  to  appear  between  the  electrodes  held 
at  0.01  V  vs  Li+/Li  during  1  and  24  h.  First  of  all,  at  the  fifteenth  cycle 
(M2)  for  the  electrode  held  at  0.01  V  vs  Li+/Li  during  1  h,  two 
depressed  semi-circles  can  be  observed,  and  are  ascribable  to  the 
charge  transfer  resistance  of  the  electrode  and  the  presence  of 
a  layer  film  at  the  surface  of  the  active  material  particles.  This 
demonstrates  that  the  polymeric  gel-like  film  is  still  present  at  the 
end  of  the  charge  and  that  it  is  only  partially  removed  upon 
oxidation.  The  fact  that  this  second  semi-circle  is  not  visible  in  the 
case  of  the  electrode  held  at  0.01  V  vs  Li+/Li  during  24  h  is  most 
probably  due  to  the  fact  that  the  relaxation  time  constants  for 
charge  transfer  resistance  and  ionic  diffusion  within  the  polymeric 
gel-like  film  cannot  be  discriminated.  Indeed,  the  second  semi¬ 
circle  also  disappeared  after  M2  for  the  electrode  held  at  0.01  V  vs 
Li+/Li  during  1  h  (cf.  Fig.  13b).  This  suggests  that  the  contribution  of 
the  polymeric  gel-like  film  has  grown  enough  for  it  cannot  be 
distinguished  from  the  charge  transfer  resistance  contribution, 
although  it  can  still  be  observed  in  M5,  M6,  M7  and  M8.  This 
contribution  of  the  polymeric  gel-like  film  results  in  deviation  to  the 
classic  circular  shape  or  the  presence  of  quasi-horizontal  plateau 
features.  Similar  features  are  observed  for  the  electrode  held  at 
0.01  V  vs  Li+/Li  during  24  h,  confirming  that  the  polymeric  gel-like 
film  is  not  completely  removed  upon  oxidation,  and  thus  might 
probably  grow  upon  cycling.  This  is  in  agreement  with  what  have 
been  observed  by  transmission  electron  microscopy  studies  [13].  It 
is  also  worth  mentioning  that  in  both  cases  (i.e.  potential  held  for  1 
and  24  h),  the  mid-frequency  region  resistivity  is  first  increased 
between  Ml  and  M2  (cf.  Fig.  13b  and  d)  and  then  decreases  between 
M2  and  M3  (cf.  Fig.  13b  and  d).  Thereafter,  it  increases  continuously 
upon  cycling  confirming  what  has  been  observed  previously  for  the 
evolution  of  the  overpotential  values  upon  cycling  (cf.  Fig.  12d).  The 
capacity  fade  occurs  after  the  fiftieth  cycle  (M5  in  Fig.  13a)  for  the 
electrode  held  at  0.01  V  vs  Li+/Li  during  24  h  and  after  the  seven¬ 
tieth  cycle  (M7  in  Fig.  13a)  for  the  electrode  held  at  0.01  V  vs  Li+/Li 
during  1  h.  From  Fig.  13d  we  can  say  that  capacity  fading  starts  to 
occur,  for  the  electrode  held  at  0.01  V  vs  Li+/Li  during  24  h,  with 
a  mid-frequency  region  resistivity  of  around  ca.  200  Q.  In  contrast, 


for  the  electrode  held  at  0.01  V  vs  Li+/Li  during  1  h,  the  capacity  fade 
is  observed  with  a  mid-frequency  region  resistivity  less  than  ca. 
100  Q,  further  confirming  the  fact  that  the  increase  in  electrode 
resistivity  is  not  the  main  factor  inducing  capacity  fading. 

Fig.  13c  and  e  displays  the  Bode  diagrams,  where  the  phase  angle 
is  plotted  vs  the  frequency  of  the  perturbation.  They  are  comple¬ 
mentary  representations  of  the  Nyquist  diagrams  presented, 
respectively,  in  Fig.  13b  and  d  and  allow  for  a  more  straightforward 
observation  of  the  relaxation  time  constant  of  the  processes 
involved.  Indeed,  in  this  representation  the  processes  related  to  the 
mid-frequency  region  appear  at  frequencies  higher  than  100  FIz, 
while  processes  related  to  the  low  frequency  region  (i.e.  bulk 
diffusional  effects,  mostly  diffusion  of  the  salt  within  the  electro¬ 
lyte)  appear  at  frequencies  lower  than  100  Hz.  From  the  mid¬ 
frequency  region  we  can  confirm  that  the  contribution  of  the 
diffusion  within  the  polymeric  gel-like  film  is  better  defined  in  the 
case  of  the  electrode  held  at  0.01  V  vs  Li+/Li  during  1  h  (appearance 
of  a  peak  around  1000  Hz  in  M2).  Indeed,  the  charge  transfer 
resistance  contribution  appeared  as  a  relatively  narrow  peak 
between  100  and  1000  kHz  (cf.  Fig.  13c),  whereas,  a  broader  peak  is 
recorded  in  the  case  of  the  electrode  held  at  0.01  V  vs  Li+/Li  during 
24  h.  In  the  latter  case  the  contribution  of  the  diffusion  within  the 
polymeric  gel-like  film  thus  appears  only  as  a  broadening  of  the 
main  peak  around  ca.  1000  Hz.  More  interestingly,  the  behaviour  of 
both  electrodes  differs  significantly  in  the  low  frequency  region. 
Indeed,  in  both  cases  the  curves  appear  to  shift  to  lower  frequencies 
upon  cycling,  suggesting  that  diffusion  of  the  salt  through  the 
electrode  is  growingly  hindered  upon  cycling.  Moreover,  this  shift  is 
significantly  larger  in  the  case  of  the  electrode  held  at  0.01  V  vs  Li +/ 
Li  during  24  h  (cf.  Fig.  13c  and  e),  and  eventually  the  curves 
disappear  below  the  0.01  Hz  limit.  Interestingly,  the  disappearance 
of  the  curves  below  the  0.01  Hz  limit  happens  at  the  EIS  M7  and  M5, 
respectively,  for  the  electrodes  held  at  0.01  V  vs  Li+/Li  during  1  and 
24  h.  As  these  EIS  measurements  correspond  to  the  beginning  of 
the  capacity  fade  for  these  electrodes,  it  is  straightforward  to 
conclude  that  the  capacity  fade  is  related  to  the  hindered  diffusion 
pathway  of  the  lithium  through  the  electrode. 

3.8.  Model  for  the  origin  of  the  capacity  fading  in  C03O4  based 
composite  electrodes 

Based  on  the  above  observations  we  propose  a  new  explanation 
for  the  capacity  fade  in  conversion  reaction  materials,  which  differs 
from  the  commonly  accepted  hypothesis  of  the  increase  of  the 
electrode  resistivity  upon  cycling  and  is  rooted  on  the  incomplete 
removal  of  the  polymeric  gel-like  film  upon  oxidation,  resulting  in 
the  increase  of  the  electrode  tortuosity  and  thus  lowering  the 
lithium  diffusivity  through  the  electrode.  Eventually,  this  leads  to 
non-accessible  regions  of  the  electrode  to  the  lithium  ions,  espe¬ 
cially  at  high  C  rates  when  the  time  allowed  for  Li+  diffusion  is  low. 
This  model  is  in  agreement  with  the  results  reported  recently  by 
Oumellal  et  al.  [29],  who  demonstrated  that  the  capacity  fade  for 
nanostructured  silicon  based  electrodes  is  related  to  the  formation 
of  a  thick  solid  electrolyte  interface  which  limits  the  Li+  diffusion 
through  the  electrode.  This  hypothesis  allows  for  a  better  under¬ 
standing  of  the  experimental  results.  For  instance,  the  fact  that  the 
capacity  fade  occurs  more  abruptly  for  35  nm  particles  at  high  C 
rates  as  compared  to  larger  particle  sizes  and/or  at  low  C  rates  (cf. 
Fig.  8)  is  due  to  the  catalytically  enhanced  electrolyte  decomposi¬ 
tion  at  the  surface  of  the  nano-sized  particles  [24].  Indeed,  although 
the  formation  of  the  polymeric  gel-like  film  would  be  enhanced  at 
low  C  rates  (longer  polarization  of  the  electrode  at  low  potential), 
its  formation  will  be  favoured  at  the  top  surface  of  the  electrode 
(directly  in  contact  with  the  electrolyte)  at  high  C  rates  (cf.  Fig.  14, 
case  b).  In  contrast,  low  C  rates  favour  uniform  growth  of  the 
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Fig.  14.  Schematic  representation  of  the  growth  of  the  polymeric  gel-like  film  upon  cycling  for  composite  electrodes  made  with  nano  and  micron  size  AM  particles  at  low  and  high  C 
rates. 


polymeric  gel-like  film  (cf.  Fig.  14,  case  a),  facilitating  the  Li+ 
diffusion  through  the  bulk  of  the  electrode.  This  model  is  in 
agreement  with  the  fact  that  when  an  electrode  cycled  at  a  2C  or  C 
rate  is  experiencing  a  strong  capacity  fade,  its  full  capacity  can  be 
recovered  by  lowering  the  C  rate  (cf.  Fig.  8a),  thus  allowing  the  Li+ 
to  diffuse  through  the  top  polymeric  gel-like  film.  In  the  case  of 
larger  particles,  the  electrolyte  decomposition  kinetics  is  much 
lower  and  thus  the  homogeneity  of  the  polymeric  gel-like  film  is 
greatly  enhanced.  This  results  in  minimizing  the  limitation  of  the 
Li+  diffusion  (cf.  Fig.  14,  cases  c  and  d),  although  it  can  be  clearly 
evidenced  by  EIS  measurements  by  favouring  the  growth  of  the 
polymeric  gel-like  film  (i.e.  holding  the  potential  at  0.01  V  vs  Li+/Li). 
The  fact  that  capacity  fade  is  significantly  reduced  when  the 
electrode  is  left  at  OCV  for  several  hours  (24  h  before  each  EIS 
measurements,  cf.  Fig.  13)  supports  the  hypothesis  that  the  capacity 
fade  is  rooted  in  the  diffusion  of  Li+  through  the  bulk  of  the  elec¬ 
trode.  In  terms  of  practical  applications,  this  would  be  an  important 
factor  to  be  taken  into  account  as  it  would  imply  that  batteries  used 
in  a  discontinuous  manner  would  cycled  better  than  batteries  used 
without  interruption. 


4.  Conclusion 

A  systematic  formulation  study  has  been  performed  on  C03O4 
based  composite  electrodes.  Our  results  demonstrate  that  with 
electrodes  made  with  C03O4  particles  smaller  than  50  nm  can  be 
cycled  with  capacities  of  about  ca.  1000  mAh  g_1  for  100  cycles  with 
optimized  formulation  which  compares  favourably  with  previous 
literature  reports  for  no  more  than  10  stable  cycles.  Specific  issues 
associated  with  materials  reacting  through  conversion  reactions 
(first  cycle  coulombic  inefficiency,  voltage  hysteresis  and  capacity 
fade)  have  been  discussed  at  the  light  of  these  results.  It  appears 
that  under  optimized  formulation  conditions  the  first  cycle 
coulombic  efficiency  can  be  increased.  Voltage  hysteresis  was 
systematically  measured  and  no  significant  differences  were 


recorded.  Furthermore,  the  values  of  the  IR  drop  terms  and  were 
found  to  be  negligible  as  compared  to  those  of  the  voltage  hyster¬ 
esis,  suggesting  that  the  latter  are  rooted  in  thermodynamic 
reasons  associated  with  the  conversion  reaction  mechanism  itself. 
Systematic  record  of  the  IR  drop  term  upon  cycling  and  EIS 
measurements  allowed  us  to  propose  a  mechanism  to  account  for 
capacity  fade  in  conversion  reaction  materials.  Contrary  to  previous 
assumptions  dealing  with  enhanced  electrode  resistivity,  a  model  is 
proposed  based  on  the  inhomogeneous  growth  of  the  polymeric 
gel-like  film  (formed  upon  reduction  and  incompletely  removed 
upon  oxidation)  within  the  bulk  of  the  electrode  having  a  negative 
effect  on  lithium  diffusion,  which  allows  for  a  much  more  consis¬ 
tent  explanation  of  the  capacity  decay  observed  experimentally. 
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